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Lipids appear to playa critical role as regulators of stratum 
corneum desquamation. In this study, we observed discrete 
lipid phase transitions at physiologic temperatures in both 
normal human scale (NHS) and in lipid extracts of NHS by 
differential scanning calorimetry. In contrast, such thermal 
transitions were not observed in recessive x-linked ichthyosis 
scale (RXLlS). To gain further insight into the molecular 
basis of the lipid phase transitions in NHS vs. RXLlS, compa-
rable samples were evaluated by electron spin resonance, uti-
lizing the perdeuterated probe, di-t-butyl nitroxide. Upon 
electron spin resonance analysis, both NHS and RXLlS dem-
onstrated thermal phase transitions in the physiologic range; 
however, the nature of the lipid environments in each type 
varied . Whereas the environment of the spin probe was more 
Stratum corneum (SC) lipids may influence not only per-meabi lity barrier function, but also desquamation (re-viewed in Refs 1 and 2). The evidence for this hypothesis includes the occurrence of an ichthyosis-like condition in man and experimental animals treated with pharmaco-
logic inhibitors of cholesterol biosynthesis (reviewed in Ref3). One 
of these, 20 ,25 diazacholesterol induces a thickened SC in hairless 
mice, in conjunction with 3n altered free sterol composition [4]. 
Moreover, ichthyosis occurs in several inherited disorders of lipid 
metabolism (reviewed in Ref 5), including recessive X-linked ich-
thyosis (RXLI) , where the enzy me steroid su lfatase is absent [6,7] , 
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Abbreviations: 
DSC: Differential scanning calorimetry 
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RXLI: Recessive X-linked ichthyosis 
RXLlS: Recessive X-linked ichthyosis scale 
SC: Stratum corneum 
polar in NHS than in RXLlS, the spin probe partitioned into 
a more "fluid" environment in RXLlS; i.e., the spin probe 
was more mobile in RXLlS than in NHS lipid matrices. 
Because an alteration in the cholesteryl sulfate: cholesterol 
ratio is the primary lipid abnormality in RXLlS, model cho-
lesterol-fatty acid-cholesteryl sulfate mixtures were prepared 
in proportion to the lipid composition of NHS and RXI:IS. 
Differences were observed in both thermal transitions and in 
lipid microenvironments in these mixtures that paralleled 
those observed in . scale samples. Based on these results, a 
n1.odel is proposed that invokes abnormal hydrogen bonding, 
due to increased cholesteryl sulfate, as the mechanism for the 
abnormal desquamation in recessive X-linked ichthyosis. ] 
Inllest D ermatoI91:499-505, 1988. 
resulting in accumulation of cholesteryl sulfate and reduction in the 
free cholesterol content of scale [8] . 
Because the bulk of stratum corneum (SC) lipids are localized to 
the intercellu lar spaces where they form extensive bilayers, they are 
in a position to modulate corneocyte cohesion and desquamation 
[1,2]. Yet, the molecular mechanisms involved in the regulation of 
normal and abnormal desquamation are unknown. Recent differen-
tia l 'scanning calorimetry (DSC) studies demonstrated lipid transi-
tions at physiologic temperatures in neonatal mouse stratum cor-
neum; transitions that cou ld be reproduced in tissue lipid extracts 
[9]. More recent studies also have dem.onstrated comparable thermal 
profiles in human SC [10 - 12]. Finally, phase transitions, attributa-
ble to altered acyl chain mobiliry, also have been demonstrated in 
human SC at physiologic temperatures by Fourier transform infra-
red spectroscopy [10 -12]. These studies are all consistent with the 
hypothesis that changes in the liquid-crystalline state of SC lipids 
may underlie their role in desquamation [13,14]' More recently, we 
have shown that cholesterol, but not cholesteryl sulfate, forms a 
eutectic mixture with palmitic acid; i.e., a mixture that melts below 
the melting point of either pure component, suggesting that the 
failure of cholt-stery l sulfate to interact with fatry acids may underlie 
the abnormal desquamation in RXLI [15]. 
In the studies reported here, we examined the properties of both 
scale and lipid extracts from normal human scale (NHS) and RXLI 
scale (RXLIS), as well as model lipid systems, using both DSC and 
electron spin resonance (ESR). The spin probe technique provided 
information about lipid and protein microenvironments in mem-
branes that could not be obtained with DSC alone and further data 
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in support of a role for hydrogen bondiilg mechanisms in normal 
and abnormal desquamation. 
MATERIALS AND METHODS 
Materials Palmitic acid (hexadecanoic), oleic acid (cis-9-octade-
canoic) (mp. 12 - 14 0 C), triol ein , and cholesterol were obtained 
from Fluka C hemicals (Ronkonkoma, NY) . Bovine brain ceramide 
III (containing primarily stearic and nervonic acids) and bovine 
brain ceramide IV (containing hydroxy fatty acids) were obtained 
from Sigma C hemical Co. (St. Louis, MO) and cholestery l sulfate, 
sodium salt, was from Research Plus (Bayonne, NJ) . The pDTBN 
probe was synthesized according to the method of C hiarelli and 
Rassat [16J . All th e chemicals used in this study were > 99.0% pure. 
Sources of Human Stratum Corneum RXLlS (five sa mples 
fro m arm or leg) were obtained from untreated areas of skin by 
gently scraping with a # 15 scalpel blade. NHS was obtained fro m 
sunburn desquamation (legs and arms of four untreated subjects). 
Because sca le sampl es could display changes from exposure to oxy-
gen and/or ultraviol et radia tion [17J , to control for artifac ts all 
samples were obtained from sites left untreated for at least 4 weeks, 
sealed, and stored at -70 0 C. Additional stratum corneum (SC) sam-
pl es were also obtained fcom fresh abdominal cadaver skin, but it is 
more difficult to contf.o l for artifacts in cadaver samples, because 
trypsinization to obrain SC sheets, contamination w ith subcutane-
ous fat, post-mortem or other forms of auto lysis, as wel l as unknown 
prior topica l tre;ltment(s) can produce alterations. The skin sa mples 
were p laced il1 0.5% trypsin in phosphate-buffered sa line (pH 7.4) 
overnight at 4 °C, and transferred to a 37 °C bath for 2-3 h. After 
incubations, the SC and stratum granu losum sheets were peeled off 
th e dermis and vortexed to release nucl eated cells, washed three 
times with distill ed water, dried under a vacuum at ambient temper-
ature, and stored at -70 ° C until used for the studies described 
below. Whereas the first drying resu lted in a sample conta ining 
= 50% water, furth er dryin g under vacuum red uced the level of 
bound water to = 5 mg/100 m g of sample. Because 'no further water 
could be obtained after excessive drying, the rema ining water repre-
se nts water of hydration (i.e., bound water) [1 8J. 
Preparation of Model Lipid Mixtures Mixtures of cholesterol, 
palmitic acid, oleic acid, and cholesteryl sul fate were prepared in 
mole ratios refl ective of either normal human SC or RXLI scale 
lipids (see Model Systems below, Table I). T he melting points of 
pure cholestcrol and palmit ic acid were assessed by DSC and found 
to be 148 ° and 62 °C., respectively. The melting point of choles-
teryl sulfate, sodium sa lt, was reported by the manufacturer to be 
17re. Mixtures of cholesterol and palmitic acid or a ternary mix-
ture including o leic acid were weighed into ESR tubes containing 
pDTBN and heated under argon until completely dissolved at 
= 90 °C (within = 2 min), then cooled to O°C, and stored at - 4 °C 
for at leas t 24 h before use in ESR experiments. Mixtures containing 
cholesteryl sulfate and palmitic acid , ternary mixtures of cholesteryl 
sulfate, palmitic acid , and cholesterol, or quaternary mixtures w hich 
included o leic acid were heated above = 90°C and treated identi-
call y to the cholesterol-palmitic acid mixtures . C holesteryl sulfate 
was insoluble in palmitic acid at temperatures up to = 150 °C. 
W e have avoided the use of vesicles, traditionally employed in 
th ese types of studi es, because osmoti c effects, a disproportionate 
aq ueous phase, variations in surface curvature, and lipid exchange 
could provide inaccurate information about stratum corneum lipid 
interactions [19 - 21] . Moreover, lamell ar and/or liquid crysta lline 
systems [1 3,14,22], such as those employed in these studies, possess 
th e advantage that one can control the degree of hydration with 
greater precision than is possible with vesicles. 
Differential Scanning Calorimetry Calorimetric studies were 
performed with a H art Scientific (Model 7707) hi gh-sensitivity, 
differential scannin g ca lorimeter (DSC) [9, 15]. To avoid autoxi-
dation of cholesterol [1 5,23]' which occurs in the prese nce of air, 
and is accelerated by light, C u2+, and Fe2+ ions [23], samples were 
not preheated before measurements were made. Moreover, mea-
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Table I. Lipid Content of N ormal Human Scale and Recessive 
X-Linked Ichthyosis Scale 
NHS (n = 6)' RXLIS (n = 5) 
Mean Mole Mean Mole 
wt% fractionb wt% fractiOnb 
Ceramides 26.0 ± 2.2 0.32 26.7 ± 6.8 0.35 
Cholesterol 15.6 ± 2.1 0.29 9.0 ± 1.6 0.17 
Free Fatty Acids 13.5 ± 2.4 0.34 9.0 ± 3. 1 0.24 
Choles teryl sulfate 2.6 ± 0.02 0.04 14.8 ± 3.3 0. 24 
• Values arc take n from Ref 8. Fluctuations arc due to individual dO llor differences 
given as sta ndard deviations. 
L The relative mole fra ctions were calculated using the mea n wt% of lipid , using the 
fo ll owing fo rmula weight (fw) : 566 for ceramides, 386 for cholesterol, 488 for choles_ 
tery l sul fate, and an average fw of 280 for f. tty acids. 
surements were performed in glass-lined rather than high-grade 
steel or aluminum cell s. All scans were performed under a blanket o f 
argon gas at a sta rtin g relative humidi ry of = 50%, and were begun at 
O°C , at a scan rate of 15 °Cjh (0.25 DC/min). The slowest possible 
scan rate, consistent with the lipid concentration, was employed to 
obtain th e hi ghest separation of th ermal transitions [24]. 
Electron Spin Resonance To gain further insight into th e mo-
lecular bas is of the lipid phase transitions in NHS versus RXLIS , 
parallel samples were evaluated by electron spin resonance (ESR) , 
utilizin g th e hi ghly lipid-so luble probe, perdeuterated di-t-butyl 
nitroxide (pDTBN, Fig 1) [25J. A Varian E-12 EPR spectrometer 
was used to record spectra. The temperature of the EPR cavity w as 
contro ll ed by a Varian E-257 temper;:ture controller. A copper-con-
stantan thermocoupl e, coupl ed with a Flub 8200A digital volt-
meter, was placed in the EPR cavity to monitor the sample tempera-
ture (range ± 1°C) . A 2-mm internal diameter quartz capped ESR 
tube, containing a g lass stirring rod, was used as the sample cel l. For 
th e spin-labeling experiments described below, we used the perdeu-
tcrated di-t-butyl nitroxide whose structure is shown in Fig 1. A 
small (= 5 ,ul) amount of spin probe «10-SM) , solubilized in pen-
tane or isopcntane was added to the cel l first, the so lvent was then 
removed, and samples then were weighed directly into th e cells, 
swept with argon, and stored at -4°C for at least 24 - 48 h before 
mak ing ESR measurements. During th e ESR measurements, sam-
ples were allowed to equilibrate under nitro gen at each temperature 
until no changes in th e spectra could be observed. The model mix-
tures were stirred using th e glass stirring rod for at least 1 min 
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Figure 1. A first derivative spectra recorded for the pDTBN probe in a lipid 
en vironment (solid IiI/e). The separation of th e high field line, (h+I ), and the 
low field line, (h_I ) , is given by 2ao • The values of (ao) are dependent upon 
th e polarity of the envi ronment in which the probe resides, as indicated by 
the sepa ration of absorption lines h+1 and h_1 (see text and refs. 28, 29). 
When a spin probe is immobilized, as in a protein environment, spectra are 
obtained as show n by the magnified dashed lines, with a low field , 4, and 
hi gh fi eld , 5. 
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between each measurement. The ability of the stirring rod to be 
moved between each measurement indicated the approximate tem-
perature at which the m.odelmixtures became less viscous. pDTBN 
ESR spectra consist of three equally spaced lines of approximately 
the same line widths. The intensity of the high field line (h_ l ) varies 
with the local viscosity in which the spin probe residues [26,27] . 
(Electron spin resonance (ESR) is a division of absorption spectros-
copy in which radiation of microwave frequency induces transitions 
betwee n magnetic energy levels of electrons with unpaired spins. 
Such magnetic energy splitting is generated by a static magnetic 
fie ld [26,27]. The paramagnetic property of pDTBN is derived 
from an unpaired electron localized primarily on the nitroge n 
[26 ,27] . The pDBTN molecule has three major axes [26]; if motion 
about all three axes is equa l, then one obtains isotropic spectra such 
as shown in Fig 1. If motion about one or more of th e axes is 
hindered (immobilization of the spin label) then line broading 
occurs. A relative spin label mobility parameter (r) can be computed 
using the foll owing expression for the limit (r < = 5 ± to- 9 sec) 
[30,31], 
r = 6.5 X to- 1O W o[(ho /h_I )I /2 - 1] , 
w here (h) are the line heights shown in Fig 2, and W o ' the line-
width ; i.e., approaches a limiting value of = 0.5 gauss in the case of 
isotropic tumbl ing [27,30,31] .) Figure 1 d isplays a typica l spectrum 
(at 40 °C) of th e pDTBN radical in th e lipid environments em.-
ployed in this study. 
The values of (ao ) are dependent upon the polari ty of the environ-
ment in which the probe resides, as indicated by the separation of 
absorption lines h+1 and h_ l : for n-hexane, a value of 15.2; for 
ethylacetate, a value of 15.4; for ketones, a value of 15.5; for alco-
hols, a value of 16. 1, and 17.1 in an aqueous environment [28,29]. 
Finally , in th ese experiments, a reduction of spin probe signal was 
not observed at temperatures below 70 °C, but at temperatures 
> 70 °C, a los of signal was observed occasiona lly. 
With the techniques described above, changes in apparent mobil-
ity were observed in all samples. These variations, although some-
times very small, were reproducible (±2°C) for each of the samples 
(run in triplicate) with increasing temperature. 
RESULTS 
Differential Scanning Calorimetry of Scale and Lipid Ex-
tracts The DSC heating th ermograms shown in Fig 2 displ ay the 
endoth ermic phase transitions that occured in N HS and NHS lipid 
extracts. NHS showed very broad unresolved endothermic phase 
transitions with a maximum at =23 ° C and unresolved endothermic 
transitions at = 10, = 28, 51 - 60, and = 75 0c. Lipid extracts of NHS 
showed a very broad endothermic thermal transition = 38 - 40 °C, 
and more poorly resolved endothermic transitions at = 32, 62, and 
69-75 °C (Fig 2). All of these transitions undoubted ly resulted 
fro m th e meltin g of complex lipid domains, thus overlap of the 
thermal transit ions must be assumed. In contrast, no distinct ther-
mal transitions were seen in any of the IULIS sa mples (data not 
shown) . 
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Figure 2. Differential ca lorimetric thermogram (lreatillg rurves) for NHS 
(dashed iiI/e) and NBS lipid extract (solid IiI/ e). ArrolVs indicate endothermic 
thermal transition points. The endothermic transitions represent heat ab-
sorption associated with melting of hydrocarbon chains. 
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Figure 3. Plots of the apparent spin probe mobiliry as a funct ion of temper-
ature. The fi lled sYlllbols (trial/gles, circles alld squares) show results for NBS, 
while the fi lled diamollds (lire lower curve) show data fo.r cadaver stratum 
corneum at 50% water, and the filled illl/erled triallgles for = 5% water. The 
opell sYlllbols (squares, circles, alld triallgles) are samples obtained from patients 
diagnosed as having x- linked icyhthosis (RXLI) . 
Electron Spin Resonance Studies on Scale and Lipid Ex-
tracts ESR measurements of the pDTBN probe in three represent-
ative sampl es of NHS (filled s)'mbols) vs . RXLIS (empt)' s)'mbols) as a 
function of temperature, are compared in Fig 3, with the results 
presented as Arrhenius plots [22]. The non-linearity and/or discon-
tinuities in these plots represent the approximate temperatures at 
which melting and/ or rearrangement of lipid phases occurs. These 
changes may result in the spin probe partitioning between two or 
more different lipid phases. T hermal transitions were evident at 
physiologic temperatures in both RXLIS and N HS, with a transi-
tion for NHS observed at 34°- 37"C; RXLIS, phase transitions 
occurred at approximately the same temperatures. Additional tran-
sitions were observed in both NHS and RXLIS at higher and lower 
temperatures (Fig 3). Although most of the transiti.ons in N HS and 
RXLIS sca le were small , the results were high ly reproducible from 
sample to sample i. e., variation was ± 2°C for two or three different 
samples in each run . As shown in Fig 3, the degree of "mobility" of 
th e probe in RXLIS is much grea ter than in NHS. It is of interest 
that in these solid sca le samples (NHS and RXLlS) the "mobility" 
of th e spin probe is truly isotropic, i.e., narrow linewidths, W 0' 
ranging fro m 0.6 to 0.4 gauss, similar for the probe dissolved in 
liquids [28 ,31] . T he transitions observed in NHS by ESR correlate 
with broad endothermic regions in the DSC thermograms (Fig 2). 
Finally, th e values computed for polarity (ao) versus temperature 
clearly demonstrate that the probe is in a more po lar environment in 
NHS than in RXLlS at physiologic tempe.ratures (Fig 4). At an (ao ) 
va lue of 15.5 gauss for NHS at =28°C the probe resides in an 
environment similar to a hydrogen-bonding acceptor solvent, such 
as ketones, w hil e in contrast, in RXLS at the same temperature, the 
.; 
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Figure 4. Polarity of the microenvironment (au, in gauss) versus tempera-
ture for the spin probe in NHS (opell cirrles) and RXLlS [closed circles). 
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Table II. A Comparison of the "Mobi lities" and Polarity (Ao) 
Values at 37"C 
Sample Designation' 
Cholesterol 
Cholesteryl sulfate 
Sterol-Palmitic 
CS-Palmitic 
CS-C16-Sterol 
Sterol-C16-C18: 1 
CS-C16-C18:1-Sterol 
Oleic acid 
Triolein 
Ceramide (1II) 
Ccramide (IV) 
Normal Human Scale 
X-linked Scale 
Cadaver 
Mobilitiesb 
1. 8 X 10- 9 sec 
1.4 X 10- 9 
1.3 X 10- 9 
5.5 X 10- 9 
6.6 X 10- 9 
4.7 X 10- 11 
9.0 X 10- 11 
2.4 X 10- 11 
2.4 X 10- 11 
2.7 X 10- 10 
1.7 X 10- 10 
6.6 ± 1.3 X 10- 11 
4.4 ± 0.6 X 10- 11 
2.0 X 10- 11 
Polarity' 
15.77 
15.30 
15.56 
15.40 
15.38 
15.76 
15.70 
15.70 
15.31 
15.21 
15.24 
15.55 
15.42 
15.33 
'Sterol = C holesterol, CS = C holestcryl sulfate, C I6 = Palmi tic acid, C I S: I = 
Oleic acid. 
b Estimated U nccrrainity is ± 0.5. 
o Values ± 0.02 gauss. 
probe is in an environment similar to a less polar solvent [28,29]. 
When a portion of the spectrum is magnified (Fig 1), small , broad 
resonances appea r which suggest that a small amount of the probe 
also may be immobilized in a protein environment. Both NBS and 
lUCLlS showed spectra of this type. 
ESR spectra from cadaver samples displayed more mobility than 
occurs in either normal or pathologic scale samples (Fig 3). Further-
more, water concentration did not influence spin probe mobility in 
the cadaver SC samples, and the values computed for (ao ) of 
15.31 ± 0.03 were independent of temperature. The (ao) val ue for 
cadaver SC samples indicates an environment similar to triol ein 
(Table II). 
Model Systems In order to shed further li ght on the transitions 
observed in the DSC and ESR data from scale samples and to obtain 
a better understanding of the different types of environments, phase 
transitions were measured in four simple model systems containing 
the pDTBN probe. These data were then compared with the results 
obtained in scale samples (see above). As shown in Table I, the lipid 
imbalance in RXLlS comprises an altered molecular ratio of choles-
terol and cholesteryl sulfate . Our earlier studies compared = 1: 1 
mixtures of cholesterol-palmitic acid vs. cholesteryl sulfate-palmi-
tic acid by DSC, showing mutual solubili ty of cholesterol in palmi-
tic acid with the form ation of a sterol-acid complex, w hile in con-
trast, cho lesteryl sulfate was insoluble in palmitic acid [15]. In these 
studies, first the spectra resulting from pDTBN in pure cholesterol 
vs. pure cholesteryl sufate were compared. Second, spectra of the 
spin probe in a 1: 1 molar cholesterol-palmitic acid mixture were 
compared with those obtained from a cho lestery l sulfate-palmitic 
acid mixture. Third, the spin probe was added to a mixture designed 
to approximate the imbalance present in RXLIS i. e., ch olesterol-
palmitic acid-cholesteryl sulfate (mole fractions of 0.30: 0.37: 0.33, 
respectively). Fina lly, the spin probe was added to a mixture con-
taining a lower melting fatty acid, oleic acid (m.p. 12 - 14 0C), in the 
presence or absence of cholcsteryl sulfate. 
pDTBN il'l Cholesterol and Cholesteryl Sulfate: The spin probe in pure 
cholesterol generated spectra indicative of a moderately immobi-
lized and/or anisotropic motion, i.e. linewidths decreased from 2.3 
to 1.6 gauss with increasing temperatures, resulting in larger values 
computed from equation 1 for the relative spin probe mobility (Fig 
5). The greater linewidths can be due to either preferential ali gn-
ment of the spin probe and/or a large increase in the viscosity of the 
microenvironment. The minor phase transition at 34 °C may reflect 
the phase transition of crystalline cholesterol, as recently reported 
[33]. The other transitions (i.e., at 20° and 51 0C) may reflect 
changes about the immobilized spin probe axes induced by in-
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Figure 5. Relative mobility for the spin probe in pure cholesterol (ope" 
circles) Jnd pure cholestcry l sul fate (closed circles) as a funct ion of tempcrature. 
creased spacing between cholesterol molecul es with increasing tem, 
perature [26,27). 
When pDTBN is dissolved in pure cholesteryl sulfate, its motiolt 
is less restricted than in cholesterol (Fig 5), with linewidths decreas, 
ing from 1.7 to 1.1 gauss with increasing temperature. phase transi, 
tions were observed at approximately 22°,37 °,49", and 58°C (Fig 
5). The 58"C phase transition is probably the start of the solid-state 
transition observed at 65 °C by x-ray diffraction [34] . In compari_ 
son, the mobilities of the spin probe in either the NBS or RXLIS 
samples were much greater than for the probe in cholesterol or 
cholesteryl sul fate (cf, Fig 3). 
The large va lues for the polarity (ao ) of pDBTN in cholesterol, as 
a function of temperature (Fig 6), are characteristic of a hydropho-
bic probe dissolved in hydrogen-bonding solvents, such as alcohols 
(28,29]. A linear relationship was observed over the temperature 
range 10° _ 62°C, with a sloe of -9. 16 X 10- 3 and an intercept of 
16.11 gauss (R = 0.99). As th e temperature increased, the probe was 
relocated into a more non-polar environment (Fig 6). T he polarity 
(ao ) measured for the probe in cholestery l sulfate indicated a less 
polar env iro nment (Fig 6). A linea r relationship showing a decrease 
in (ao ) ws observed over the tempel'ature range 11 - 55 °C, with a 
slope of -4.73 X 10- 3 and an intercept of 15.54 gauss (R = 0.97) . 
As th e temperature increased, the probe partitioned progressively 
into a more non-polar envi ron ment. 
Addition oj Palmitic Acid: Mixtures of cholesterol-palmitic acid, 
cholestery l su lfate-palmitic acid , and cholesterol-pa lmitic acid-cho-
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Figure 6, Polarity of the microenvironment (ao expressed in gauss) for the 
spin probe in purc cholesterol (open circles) and pure cholcstcryl sul fate (closed 
circles) as a fun ction of temperature. 
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lesteryl sul fa te showed phase transitio ns between 35-40 °C (Fig 7). 
(pDTBN was insoluble in crys talline palmitic acid until the temper-
ature was increased to near the meltin g point of the acid , i.e., 
= 60 °C.) The spin probe mobilites in cho lesterol-palmitic acid mix-
ture were less than w hen chol este ryl sul fate was present (Fig 7). In 
contrast, th e spin probe mobilities in the cho les tery l sulfate-palmitic 
acid mixture were greater th an that observed in the ternary mi xture 
(Fig 7). The non-linear response, observed below 30 °C for the 
tertiary system , cho lesterol-palmitic acid-cho lestery l sul fa te, indi-
cates variation in partitionin g of the probe between cho lesterol and 
cholesteryl sulfate as a function of temperature. A large increase in 
the mo bility of the spin probe occurred, initially at = 45 °C, that 
resulted in values comparable to those found in NHS and RXLIS , 
w ith a maximum va lue at = 63 °C, th e meltin g temperature for 
palmitic acid (Fig 7). Only the mixtures that contained no cho les-
te ryl sulfate disso lved compl etely above 90 °C. 
A comparison of th e values of po larity (ao ) for cho les terol-palmi-
tic acid vs. cholestery l sulfate-pa lmitic acid suggests th at th e probe is 
in a hydrogen bonding acceptor solvent in th e chol es terol mixture, 
whereas it is in a non -polar environment in th e chol estery l sulfate 
mixture (Fi g 8). A linear re lationship was observed for the spin 
probe in choles tero l-palmitic acid over a shorter temperature ran ge, 
i.e., 14 - 37 °C with a slope of -1.6 X 102 and an intercept of 16.17 
gauss (R = 0.94) (c .f., Fig 8). In the case of the probe in the choles-
teryl sulfate-pa lmitic acid mixture, a linear relationship was ob-
served over approximately th e same temperature range, as noted 
above in the abse nce of pa lmitic acid , i.e., 45 - 56 °C, with a slope of 
- 4.93 X 10- 3 and an intercept of 15.57 gauss (R = 0 .94). The in-
flection at = 37 °C, observed in the plot of ao vs. temperature for the 
mixture of chol esterol-palmitic acid (Fig 8), may involve th e for-
matio n of a chol esterol-palmiti c acid compl ex resultin g in th e parti-
tioning of the spin probe into a different microenvironment. 
Addi tion oj O leic Acid: T he spin probe mobility in mixtures con-
taining o leic acid (cholestero l-palmitic acid-o leic acid, mole frac-
tions of 0. 39: 0 .24 : 0 .36, respectively; and , chol estery l sulfate-cho-
lesterol-pa lmitic acid-oleic ac id , mol e fractions of 0.24: 0 .36: 
0 .14: 0.26, respectively) were simil ar to those observed for NHS 
and RXLlS (c.f. Fig 3 vs. Fig 7) . H owever, the spin probe dissolved 
in the model mixture containing cho les teryl sulfate-palmitic acid-
oleic acid-chol esterol was less mobil e th an it was in the ternary 
mixture in the absence of cholesteryl sulfate, possibl y due to the 
higher co ncentratio n of o leic acid in the mixtu re containing no 
cholestery l sulfate. 
The transitions observed in oleic acid-containin g mi xtures at 12-
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14°C coincide with th e melting point of pure oleic acid; those at 
37 - 40 °C coincide with th e melting points of a =30 mol e% palmi-
tic acid-oleic acid mixture [14], as well as with the onset of melting 
o f mi xtures of cho lestero l and pa lmitic acid [1 5J. Moreover, the 
tl-a nsition at 60 °- 64 °C is associated with the melting of pure pal-
miti c acio , while th <f transition at = 90 °C is due to the complete 
disso lving of the cholesterol-palmitic acid (Fig 7). Mixtures of cho-
lestero l-pa lmitic acid-oleic acid also dissolve (isotropic liquids) at 
temperawres above 90°C. Because phase transitions were observed 
in both NHS and RXLIS at appox imatel y th e same temperatures 
(Fig 3), this suggests that th ese transitions are a1so due to lipids. 
H owever, the constant values for (ao ) of 15.81 ± 0.03 and 15.70 ± 
0 .03 as a function of temperature, in the absence and presence of 
cholesteryl sul fa te, were larger than those observed for either NHS 
or RXLIS. T his indica tes th at the spin probe partitions into complex 
mi croenvironm ents of intermediate pola ri ty in both NHS and 
RXLIS (Table II). Cadaver SC differed again from NHS, with a 
microe nvironment indicative of esterifi ed lipids, such as triglycer-
ides (Table II) . T he phase transitions in NHS and RXLIS could not 
be attributed solely to sp hingo l ip~ds , because a) the values of (ao ) for 
the probe in both cera mide III and ceramide IV are much lower; and 
b) th e spin probe is relativel y immobilized in ceramides (Table II). 
Table II co mpares the computed mobiliti es and polarities for all 
of the tissue sa mples and model lipid mixtures at 37°C. Only the 
mobilities computed for th e mixtures containin g oleic acid compare 
with the va lues observed in sca le. T he mobil ity of the probe in pure 
o leic acid and triolein was also comparable to the values observed in 
sca le. In th e case of the cadaver sa mple , the probe mobility was the 
sa me as the value observed for both triolein and o leic acid. As noted 
above, ce ramides are not likely to be a major si te for entry of the 
probe because of the observed decrease of their mobility in these 
li pids (Tab le II). Fina lly, a comparison of th e po larities (ao ) uf scale 
and 1110dellipids suggests that the probe preferentially enters a no n-
polar matrix in cadaver SC, i.e ., acy l glycerides. 
DISCUSSION 
Both the co mpartmentalization of lipids withi n stratum corneum 
intercellular domains [1,2J an d the association of discrete lipid ab-
normali ties w ith abnorma l desquamation [2,5,35,36] suggest th at 
lipid interactio ns may med iate stratum corneum cohesion. Several 
alternative mechan isms have been suggested as the bas is for this 
phenomenon, including alterations in bulk lipid transitions [37], a 
more specific mechanism invo lving cho lestery l sul fate as a molecu-
lar bridge [37], and/ or hyd rolysis of esterified membrane lipids 
bding to bilayer disso lution [38). Alternatively, non-lipid factors 
may o perate in as ye t unknow n mechanisms [39]. The data pre-
sented here provide new information in favor of yet another model, 
i.e., that hyd rogen bonding, perhaps in cOI~unction with other 
504 REHFELD ET AL 
m echanisms, may mediate normal and abnormal co hes ive phenom.-
ena. By OSC, both NHS and lipid ex tracts of NHS showed thermal 
phase transitions in the physiolog ic temperature ran ge. In contrast, 
RXLIS showed no such distinct thermal phase transitions. How-
ever, because OSC has limitations in the ana lys is of a complex 
system such as the stratum corneum, ESR was employed to provide 
furth er details about relevant molecular interac tions. 
Althou gh both RXLIS and NHS showed comparable phase tran-
sition points in the physiolog ic range by ESR, significa nt differences 
were observed in the mobility of the spin probe in RXLlS vs. NHS. 
Althou gh the m agnitude of som e of th ese transitions was small, 
they were consistencly reproducibl e from sample to sample. More-
over, in th e transitions observed in th e model lipid experiments 
coincide with transitions obtained with other types of physica l 
chemical instruments, e.g. , OSC [1 5J and x-ray crystall ography 
[34J. Most importantly, examination of differences in the microen-
vironments of th e probe in RXLlS vs. NHS showed that the spin 
was in a more polar environment in RXLIS than in normal scale. 
The most li kely explanation for the type of environments revealed 
in RXLlS vs. NHS (and in th e corresponding model lipid mix tures) 
may be th e rel ative degrees of hydrogen bonding in these systems. A 
th eoretical model is presented in Fig 9 for bo th th e hydrogen bond-
ing th at should occur between chol es terol and fatty acids in normal 
scale vs. th e inability to form hydrogen bonds with excess cho les-
teryl sulfate in RXLlS , Such a hydrogen bonding mec hanism would 
explain both the improvement o f RXLlS (and perhaps other forms 
of ichthyosis) with topical applica tion of hydroxy acids [40,41J, as 
w ell as the inducem ent o f ichthyosis in animal models by the topical 
application of choles teryl sulfate [41]. Further studies are underway 
in our laboratories to ex mine hydrogen bonding mechanism s 
among polar lipids and fatty ac ids at var ious temperatures in relation 
to stratum corneum cohesion. 
These studies show that both OSC and ESR, in particular, pro-
vide distinctive types of information about phase transitions and 
lipid microcnvironments in human stratum co rneum . The abi li ty to 
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Figure 9. Model of the possible differences in hydrogen bonding that may 
occur as a resu lt of different molecular interactions of cholesterol vs . choles-
teryl sulfate with membra ne fatty acids in stratum corneum. These differ-
e.nces may explain the abnorma l desquamation in recessive x-linked ichthyo-
SIS. 
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interpret DSC measurements of these co mplex systems is limited by 
th e foll owing : a) both exothermic and endothermic transitions Can 
occur simultaneously, resultin g in a red uced signal; and b) a wide 
range of acyl chain lengths and degrees of saturation may be present 
resultin g in very broad transitions [15]. In contras t, the ESR tech ~ 
nigue has three distinct advantages over other physical-chemical 
methods: 1) it d isplays phase transitio ns within membrane microeT)_ 
vironments: (2) it indicates th e pol arity(ies) of membrane microe ll_ 
vi ronment(s): and (3) it provides greater sensitivity to alterations in 
membrane microenvironment than calorimetric methods. How_ 
ever, ESR measurements cannot determine the distribution of the 
spin probe within lipid environments of simi lar hydrophobicity. 
Moreover, spin probes theoretically can perturb the surroundin.g 
lipi d environments, but th e relatively sma ll molecular size of the 
pOTBN probe presumably minimizes this potential drawback. FUr_ 
th ermore, even stable free radicals, such as pOTBN, can lose their 
paramagnetism by eith er antioxidant reduction or by reactions With 
acids [32]. FTIR [10 - 12] and x-ray diffrac tion [42) represent t'WQ 
other powerful technigues that ca n provide specific molecular in_ 
format ion and membrane structure and lipid- lipid interactions ill. 
th e stratum corneum. Thus, a combination of these experimental 
techniques ultimately, may lead to better understanding of the mo_ 
lecul ar mechanism(s) involved in normal and abnorma l co hesion. 
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